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ABSTRACT: We report the synthesis of silicon nanowires
using the supercritical—fluid—liquid—solid growth method
from two silicon precursors, monophenylsilane and trisilane.
The nanowires were synthesized at least on a gram scale at a
pilot scale facility, and various surface modification methods
were developed to optimize the electrochemical performance.
The observed electrochemical performance of the silicon
nanowires was clearly dependent on the origination of the
surface functional group, either from the residual precursor or
from surface modifications. On the basis of detailed electron
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microscopy, X-ray photoelectron spectroscopy, and confocal Raman spectroscopy studies, we analyzed the surface chemical
reactivity of the silicon nanowires with respect to their electrochemical performance in terms of their capacity retention over

continuous charge—discharge cycles.
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Bl INTRODUCTION

Silicon is one of the most promising anode materials for
lithium-ion batteries, because of a number of advantages.
Significant among them are its abundance in the earth’s crust,
its nontoxicity, and a specific capacity that is 1 order of
magnitude higher than that of the current state-of-the-art anode
for lithium ion, carbon. Such a large increase in capacity is due
to the fact that each Si atom can undergo an alloy reaction with
3.75 lithium atoms at room temperature, yielding a capacity
close to 4000 mAh/ g.1_3 Further, silicon has an electrochemical
potential plateau that is only 100 mV higher than that of
carbon, making it a very good candidate to be coupled with
high-energy (voltage) cathode materials for achieving a high
energy density.* " There have been a number of recent studies
demonstrating high reversible capacity and cycle life from
electrodes comprising silicon—carbon composites, nanowires,
and other forms. However, silicon still suffers from a number of
materials and interfacial challenges. The major issues involve (i)
an enormous change in volume (>300%) during the lithiation
and delithiation, leading to high internal stress that results in
electrode pulverization, poor reversibility, and capacity
loss,"” 7' and (ii) the lack of a mechanistic understanding of
the nature of solid electrolyte interphase (SEI) formation on
the silicon surface and its stability during the repeated
expansion and contraction. The materials and interfacial issues
discussed above lead to a significantly higher first-cycle
irreversible capacity loss (ICL) and overall lower columbic
efficiency."' "
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Moving from bulk to nanoscale morphologies affords a
promising means of overcoming the first issue, namely the
changes in volume associated with lithiation and delithiation.
Nanosizing leads to small diffusion length and facile strain
relaxation during the lithitation (delithiation) compared to the
case in the bulk crystalline phase.'*™'® A variety of silicon
nanostructures have been investigated to solve this issue and
optimize the cycle life performance. Significant improvements
to this effect have been reported in recent literature
reports.”'*™>* As mentioned above, nanostructured Si helps
to mitigate the volume expansion aspect, but it introduces some
challenges, as well. While the high surface-to-volume ratio can
facilitate the diffusion of Li ion and smooth the material stress
(strain), it also opens up the potential for uncontrolled and
adventitious reactions caused by any moieties on the surface
that in principle could affect the electrochemical stability of the
silicon electrodes.”>™*°

This study investigates the use of four different types of Si
nanowires (NWs) as anode materials. The goal is not the
optimization of the electrochemical performance and cycle life
of silicon as an anode for lithium batteries but rather to
understand the implication of the surface chemistry and
functionality of silicon nanowires (NWs) on their electro-
chemical performance. Another novel aspect of our work is
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unlike most reported work on silicon nanostructures that are
synthesized and tested at a laboratory scale, our work reports
Si-NW samples synthesized and surface treated at a small pilot
scale facility leading to a yield of at least gram quantities per
batch. Si nanowires (Si-NWs) are synthesized using the
supercritical—fluid—liquid—solid (SFLS) growth method,
which results in a higher product yield at a relatively low
cost.’®7* The process is called supercritical because the
temperature and pressure applied to the closed metallic reactor
into which the precursor is passed are well above the critical
limits of the solvent toluene. Our study reports the electro-
chemical performance of Si-NWs synthesized from different
precursors as well as under different surface treatment
conditions. In each case, we have characterized the surface
chemistry of Si-NWs correlated to their observed electro-
chemical performance. This study reports the electrochemical
performance of four different Si-NW samples having distinct
surface functionality created by the variation in synthesis
conditions and/or postsynthesis processes. Further, to under-
stand the surface chemistry aspect specific to the Si-NWs alone,
we do not use any polymeric binders or carbon additives. The
Si-NW electrodes are prepared by pressing the Si-NW powders
on copper current collectors.

Briefly, we discuss the performance of four types of Si-NWs
obtained from two kinds of silicon precursors, phenylsilane and
trisilane. Depending on the synthetic process and modification,
we noticed varied degrees of electrochemical performance from
the Si-NWs depending on their surface chemical groups.
Electron microscopy, confocal Raman spectroscopy, and X-ray
photoelectron spectroscopy analysis of the Si-NWs reveal the
presence of different surface chemical moieties depending on
the synthesis method and surface modification. These
constitute (i) a phenylsilane-derived shell having Si—H- and
Si—C-terminated groups, (ii) carbonaceous and Si—C groups,
and (iii) mainly Si—O-type functionality in the case of acid-
etched Si-NWs. The impact of various surface termination
groups on their electrochemical performance is further
discussed for each kind of Si-NW.

B EXPERIMENTAL SECTION

Synthesis and Surface Modification of Silicon Nanowires.
This work investigates Si-NWs synthesized from two precursors,
monophenylsilane (MPS) and trisilane (TS). From MPS, the Si-NWs
were synthesized by Au nanocrystal-seeded SFLS growth in toluene
with the method reported in ref 32. Briefly, MPS was mixed together
with Au nanoparticles (NPs) at a Si:Au molar ratio of 600:1 and
diluted with anhydrous toluene to achieve an MPS concentration of
200 mM. Then the nanowires were grown in a preheated sealed
titanium reactor at 410 °C and 1200 psi and collected during the semi-
continuous flow process.

From the TS precursor, the Si-NWs were synthesized by a process
reported previously.>" In a typical experiment, 200 mg of Au NPs and
100 uL of TS (Si:Au ratio of 45) were added to toluene (volume of 4.5
mL) and introduced into a titanium reactor heated to 430 °C at a rate
of 3 mL/min. The product consisted of a mixture of NWs and NPs
(<50% NWs). A large fraction of the NPs are due to the uncontrolled
or fast reaction kinetics of the TS precursor decomposition. However,
this modification leads to another kind of surface chemistry that forms
the basis of our study. On the basis of the synthesis and postsynthesis
processes, the samples are named as follows (schematic figures shown
in Figure 1).

(1) Si-NW-MPS, pristine Si nanowires were synthesized by the

procedure described above with the monophenylsilane (MPS)
precursor without any further treatments.
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Figure 1. Schematic figures for the synthesis of the Si-NWs: (a)
monophenylsilane (MPS) as the precursor and (b) trisilane (TS) as
the precursor. The different edge color for different Si-NW samples
indicates different surface functional groups.

(2) Si-NW-FG: Si nanowires produced in (1) above with annealing
at 1100 °C in reducing atmosphere, forming gas i.e. 5% H, in
Ar (FG).
Si-NW-AE: Si nanowires produced in 1 were acid etched (AE)
by first treating with it with aqua regia for 30 min followed by
30% HEF.

Si-NW-TS: Si nanowires synthesized with precursor trisilane
(TS) where the Si:Au ratio is 45 and temperature of the
reaction is 430 °C.

Electrochemical Evaluation and Materials Characterization.
The electrochemical properties of these samples were evaluated in
two-electrode coin-type cells (size 2032, Hohsen Corp.) on a Maccor
multichannel battery tester (model 4000, Maccor Inc., Tulsa, OK)
using pure lithium foil (99.9% pure, Alfa Aesar) as a counter electrode.
The electrodes were prepared by manually pressing (approximately 20
psi) the Si-NW powders on Cu current collectors without the use of a
binder or carbon black. The typical loading of the electrode was ~0.1
mg/cm?* with an electrode area of 1.0 cm® The electrolyte was 1.2 M
LiPF; (lithium hexafluorophosphate) dissolved in a mixture of EC
(ethylene carbonate) and DMC (dimethyl carbonate) (battery grade,
Novolyte Technologies) in a volume ratio of 3:7 with HF and H,0O
impurity levels of <50 and <S ppm, respectively; a Celgard 2325
separator (Celgard Inc.) was used. The assembly of the coin cells was
done in a high-purity argon-filled glovebox. The charge—discharge
cycling (at 25 °C) was performed between 1.5 and 0.00S V with a
current density of 200 mA/g.

X-ray photoelectron spectroscopy (XPS) was performed with a
Thermo Scientific model K-Alpha XPS instrument. The instrument
utilizes a monochromated, micro-focusing, Al Ka X-ray source (1486.6
€V) with a variable spot size (i.e,, 30—400 ym). Analyses of the NWs
samples were all conducted with a 400 ym X-ray spot size for the
maximal signal magnitude and to obtain an average surface
composition over the largest possible area. The instrument has a
hemispherical electron energy analyzer equipped with a 128-channel
detector system. The base pressure in the analysis chamber is typically
<2 X 107 mbar. Samples were mounted on double-sided tape and
introduced into the analysis chamber through a vacuum load-lock.
Areas were chosen for analysis by viewing the samples with a digital
optical camera with a magnification of approximately 60—200X.
Survey spectra (0—1350 eV) were acquired for qualitative and
quantitative analysis, and high-resolution spectra were acquired for
appropriate elements for chemical state characterization. All spectra
were acquired with the charge neutralization flood gun turned on to
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Figure 2. Galvanostatic voltage profile of the first two cycles for (a) Si-NW-MPS, (b) Si-NW-FG, (c) Si-NW-TS, and (d) Si-NW-AE.
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Figure 3. Cyclability of S0 cycles for (a) Si-NW-MPS, (b) Si-NW-FG, (c) Si-NW-TS, and (d) Si-NW-AE samples.
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The insets give the results of the

first two cycles, and the following cycles 3—50 are shown in the main figures.

maintain stable analysis conditions on the nominally insulating oxide
sample surface. The flood gun uses a combination of low-energy
electrons and argon ions for optimal charge compensation. The typical
pressure in the analysis chamber with the flood gun operating was 2 X
1077 mbar. Data were collected and processed using the Thermo
Scientific Advantage XPS software package (version 4.61). Peak fitting
was performed using mixed Gaussian/Lorentzian peak shapes and a
Shirley/Smart-type background. Depth profiling analyses were
conducted with a Thermo Scientific EX06 argon-ion gun operated
at 2000 eV and rastered over a 2 mm X 4 mm area. Sputtered depths
were calibrated with a 100 nm SiO,/Si standard.
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Raman spectroscopy was performed using a WITec a-300 confocal
microscope using a 532 nm excitation wavelength and a 50X
microscope objective. The Raman signals were collected in the
confocal geometry and dispersed through a spectrometer (600 lines/
mm grating) and detected using a thermoelectric cooled CCD
detector. Raman shifts were collected in the range of 100—3000 cm ™.
Transmission electron microscopy (TEM) was utilized to examine the
morphology and size of the Si nanowires with the HF3300 S/TEM
instrument, which was operated at 300 kV and equipped with a Bruker
silicon drift EDS detector, which was used to obtain high-angle annular
dark field (HAADF) STEM images and qualitative EDS maps.

dx.doi.org/10.1021/am500855a | ACS Appl. Mater. Interfaces 2014, 6, 7607—7614
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B RESULTS AND DISCUSSION

Electrochemical Performance of Pristine and Surface-
Treated Si-NWSs. The electrochemical performances of the
four different Si-NW samples were evaluated at first by
galvanostatic charge—discharge cycles. Figure 2 shows the
charge—discharge voltage profiles for the first two cycles for all
the samples described in Figure 1. The loading of the active
material and the C rate are kept similar for all electrodes. The
results are summarized briefly. (i) Si-NW-MPS and Si-NW-FG
have much lower discharge capacities, in the range of 1000
mAh/g. (ii) The Si-NW-TS sample shows the best columbic
efficiency for the first cycle. (iii) The Si-NW-AE sample shows
the largest initial discharge capacity that is close to the
theoretical capacity of Si (~4000 mAh/g). The first discharge
voltage profile of the Si-NW-FG sample (Figure 2b) has a
capacity contribution at voltages much higher than 0.5 V, which
could indicate some kind of irreversible redox reaction with the
surface. It is expected that the dominant contribution to
capacity is derived from the alloying reaction between Li and Si
that generally occurs at potentials of <0.2 V.'> However, from
the second cycle onward, the voltage profile moves down to <1
V. The electrochemical performances of the four Si-NW
samples are compared in Figure 3 by showing the charge—
discharge capacity versus the number of cycles. Because silicon
has a very high first-cycle irreversible capacity loss (ICL), the
capacities of the first two cycles are shown in the inset.
Although Si-NW-TS and Si-NW-AE samples have similar initial
discharge capacities of ~2500 mAh/g, we notice less capacity
fade and/or loss for Si-NW-AE than for Si-NW-TS. At the end
of cycle 50, Si-NW-AE still show discharge capacities on the
order of 1500 mAh/g, while the values are <500 mAh/g for the
Si-NW-TS. One of the hypotheses for such better capacity
retention in the case of Si-NW-AE could be due the surface acid
etching process that can potentially eliminate surface
functionalities that are detrimental to electrochemical perform-
ance. It is also noteworthy to mention that the Si-NW-TS
sample has a relatively high Au content (Si:Au ratio of 45) that
could affect the electrochemical performance. Au is known to
react with Li by forming alloys as reported in the literature.*®
These aspects will be discussed later in the following section.

Thus, distinct electrochemical performances are obtained for
different batches of Si-NWs, synthesized from the same
synthetic precursor with varying degrees of postprocessing
conditions as described above. The correlation between the
observed electrochemical performance of Si-NWs and their
surface chemical functionalities was studied using different
characterization techniques.

Correlation between Surface Chemistry and Electro-
chemical Properties. Electron Microscopy Study of Si-NWs.
Transmission electron microscopy (TEM) was performed for
these Si-NWs to evaluate morphologies in both bright-field and
dark-field images as displayed in Figure 4. The remarkable
feature is that the MPS sample displays a core—shell structure
in which the shell is known to be composed of polyphenylsilane
(Figure 4ab).® A dear core—shell morphology was also
observed for the FG sample (Figure 4c,d), which was obtained
by annealing the Si-NW-MPS sample at 1100 °C under a
reducing atmosphere. Such modification yields Si-NWs having
an inner diameter in the range of 40 nm with an outer shell in
the range of 10 nm. Chockla et al. reported that thermal
annealing in forming gas can convert the phenylsilane shell to a
carbonaceous layer comprising SiC.** For the Si-NW-TS
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Figure 4. TEM images for Si-NW-MPS (a and b), Si-NW-FG (c and
d), Si-NW-TS (e and f), and Si-NW-AE (g and h) samples.

sample, we notice both nanoparticles as well as nanowires
(Figure 4e,f), in agreement with the results published
previously.>® The concomitant formation of nanoparticles
along with NWs is due to the rapid decomposition of trisilane
(TS) and homogeneous particle growth. In some NWs, Au NPs
were found dispersed inside the Si-NWs and/or particles that
may be caused by the rapid kinetics for the Si particle as well as
the high percentage of Au NPs in the reagent. For the AE
sample, it is clear that the acid etching removes the shell on the
surface and leaves pristine Si-NWs with diameters ranging from
50 to 80 nm (Figure 4gh).

Depth Profile X-ray Photoemission Spectroscopy of Si-
NWs. X-ray photoelectron spectroscopy (XPS) combined with
surface depth profiling was performed on various types of Si-
NWs to evaluate their surface chemical composition. The

dx.doi.org/10.1021/am500855a | ACS Appl. Mater. Interfaces 2014, 6, 7607—7614
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elemental concentrations of various species such as Si, O, C,
and F are summarized in the histogram chart shown in Figure
S. A number of interesting conclusions can be derived from this
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Figure S. Atomic surface concentrations of elements Si, O, C, and F

for Si-NW-MPS, Si-NW-FG, Si-NW-TS, and Si-NW-AE samples. The
values were obtained from XPS survey scans (not shown here).

analysis. In all forms of Si-NWs, we see varying degrees of
silicon ranging from 25 to 45% and also significant coverage of
carbon and oxygen. In some cases, the carbon and oxygen
signal exceeds that of Si, indicating an outer shell that is either
oxides or carbides of silicon (discussed below). The carbon
XPS signal can arise from multiple factors, including the surface
moieties present on Si-NWs, the underlying substrate (scotch

tape), and adventitious carbon present in the XPS chamber.
The small amount of F observed on the surface of the Si-NW-
AE sample is attributed to HF etching. Traces of Au were also
seen on the surface of TS and AE samples (not shown here),
due to the residual Au NPs (see in TEM) from the synthesis
process. To gain further insight into the different surface
chemistries of each Si-NW sample, the C 1s, Si 2p, and, to a
lesser extent, O 1s core level spectra were examined in detail.
Figure 6 shows the C 1s, Si 2p, and O 1s core level spectra for
each sample, after a brief in situ Ar-ion etching process (~30 s).
The as-received samples showed varying amounts of
inhomogeneous surface charging during acquisition of the
core level spectra, in part because of the surface reactive nature
of the samples (as described in the Supporting Information).
The brief Ar-ion surface etching removed some of the surface-
adsorbed and/or air-reacted outer material that also resulted in
reducing the inhomogeneous charging that could shift and
distort the XPS core level signal. In the data presented in Figure
6, the spectra have all been normalized to a fixed intensity to
emphasize binding energy position and line shapes.

For C Is, the Si-NW-MPS and Si-NW-FG samples show a
large peak around ~283 eV that is attributed to C-Si
bonding.34 On the other hand, Si-NW-TS and Si-NW-AE
samples have their surface chemistry dominated by C—C (and/
or C—H) bonding, which is evident from the respective C 1s
B.E value.”® In addition, the Si-NW-FG sample also shows a
significant peak intensity at the C—C B.E value. The Si 2p core
level results are consistent with the observed C 1s core level
where both Si-NW-MPS and Si-NW-FG show the expected Si—

Cls

—— Si-NW-MPS
——Si-NW-FG
Si-NW-TS
—Si-NW-AE

Si 2p
Si-C Si-Si/Si-H
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Figure 6. C 1s, Si 2p, and O 1s core level spectra for Si-NW-MPS (black), Si-NW-FG (red), Si-NW-TS (green), and Si-NW-AE (blue) samples.

Bonding assignments are also shown.
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C B.E values at ~101 €V.>® In addition, the Si-NW-MPS also
show significant coverage of Si—Si and/or Si—H moieties. For
Si-NW-TS and AE samples, we see mainly the two components
Si—Si/H and Si—0>® with the oxide component significantly
reduced for the acid-etched sample (Si-NW-AE). All Si-NW
samples showed varying amounts of oxygen species as shown
by the O Is core levels, which could be mostly due to exposure
to ambient conditions. The O 1s data show predominant Si—O
bonding (predominantly SiO,, but also could be some sub-
oxides of silicon) for the Si-NW-TS and AE samples, consistent
with the Si 2p data.*” The Si-NW-FG and MPS samples show a
relatively smaller Si—O feature with a predominantly O—C
bonding environment, consistent with the C 1s core level. Sub-
oxides refer to Si species with a valence below 4+, which
generally can be described as SiO,, where 1 < x < 2.

The XPS analysis in conjunction with TEM results provides
some degree of information about the various functional species
that could exist on the surface of these Si-NWs. For the Si-NW-
MPS sample, we most likely have an outer shell derived from
MPS during the synthesis, which contributes to both Si—H and
Si—C bonding. The Si-NW-FG samples are prepared by
annealing at 1100 °C under forming gas; the mono-
phenylsilane-derived shell can be converted more to a
carbonaceous layer with both dominant C—C and Si—C
surface groups. The outer shell for Si-NW-FG is much thicker
in this case as shown in the TEM image (Figure 4c,d). For the
Si-NW-TS sample, we do not expect any Si—C species as it is
derived from the trisilane precursor, but as expected, it has a
Si—O component due to the formation of a native oxide on the
surface. The C 1Is signal from Si-NW-TS most likely results
from residual carbon from solvent decomposition and
adventitious carbon present in the XPS chamber. For Si-NW-
AE, we have a large fraction of exposed Si nanowires due to the
etching process consistent with the TEM image shown Figure
4e,f. This explains the observation of a strong Si—Si XPS feature
(994 eV) and also an unavoidable thin layer of SiO, species
formed on the surface of Si nanowires. We also expect the Si—
H-terminated silicon surface for the Si-NW-AE sample, because
of HF acid treatment, but this feature overlaps with the Si—Si
B.E position.**** X-ray synchrotron studies will undoubtedly
shed more light on the depth dependence of various chemical
moieties on these Si-NWs.*

Micro-Raman Study of Si-NWs. A Raman study further
validates our XPS observations. As shown in Figure 7, all the
samples show a peak at around 521 cm™, which is the first
optical mode of Si***"** The Raman peak intensities (under
the same laser power and measurement conditions) vary for
different Si-NWs, indicating the different chemical functionality
of the Si-NWs. The strongest Si Raman band is observed for
the Si-NW-AE sample, indicating that acid etching is helpful in
removing the surface shell leading to pristine Si-NWs, while for
the parent MPS-derived Si-NW, the Raman signal is weaker
most likely because of the outer Si—C and Si—O shell. The
presence of a large percentage of amorphous Si NPs in the TS
sample could be another reason for the absence of a strong
Raman peak for Si-NW-TS (apart from the surface shell). The
most interesting case is the Si-NW-FG sample, which evidently
has the weakest Si band but also two prominent bands at 1350
and 1600 cm™, correspondm to disordered (D) and graphitic
(G) carbon, respectively.**~*® This further corroborates the
carbonization of the phenylsilane-derived shell during thermal
annealing in the forming gas. Further, the Si-NW-FG sample
has the thickest shell among all the Si-NWs (Figure 4). In
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Figure 7. Raman spectra of Si-NW-MPS, Si-NW-EG, Si-NW-TS, and
Si-NW-AE samples. The insets show expanded views of the dashed
areas of the original spectra.

addition to the main Si band at 521 cm™, another weak broad
peak was also exhibited by MPS and AE samples, which can be
assigned to the overtone of the TO(L) mode of Si*' The
amorphous silicon signal (at ~480 cm™) originating from Si
NPs for the Si-NW-TS sample was probably below the
detection limit.

Correlation between Electrochemical Performance and
Surface Functionality. On the basis of microscopy, XPS, and
Raman results as discussed in the previous section, we provide a
plausible explanation for the observed electrochemical perform-
ance for each Si-NW sample. A schematic picture showing the
various surface groups that form the outer shell of the Si-NWs
is shown in Figure 8. The monophenylsilane-derived shell on

Si  MPSderived Si CISiC

i

Si-NW-MPS Si-NW-FG

Si SiO,

Si-NW-TS Si-NW-AE

Figure 8. Surface chemical species present on the various kinds of Si-
NW samples discussed in the text.

the surface of the Si-NW-MPS sample is detrimental to its
electrochemical performance and cycle life. After being
annealed in forming gas at 1100 °C, the phenylsilane-derived
shell converts to a mixed carbon and SiC type of surface. The
thick mixed layer of C and SiC covers the surface of the FG
sample, hindering the access to the core Si-NW, especially
because SiC is electronically insulating and electrochemically
inactive. This explains their poor electrochemical performance

dx.doi.org/10.1021/am500855a | ACS Appl. Mater. Interfaces 2014, 6, 7607—7614
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and different voltage profiles. For the trisilane-derived Si-NW-
TS sample, the surface coverage is mostly oxides of silicon with
no appreciable SiC or carbonaceous groups. A mixed
proportion of Si-NWs and NPs (nanoparticles) with some
gold impurities may not be an optimized materials system for
good electrochemical capacity retention and cycle life. Overall,
we realize better performance from the Si-NW-AE sample as
the MPS-derived shell is etched by acid treatment, leading to
relatively cleaner Si-NW surfaces for good capacity retention.

B CONCLUSIONS

A series of Si-NWs have been synthesized by the SFLS growth
method and characterized using electron microscopy, Raman
spectroscopy, and XPS. Different precursors and processing
steps (annealing and acid etching) brought different
morphologies and surface functionalities for the Si-NWs,
which contribute to their distinct electrochemical performance.
It is plausible that different surface-terminating groups will form
different SEI compositions, which could be the limiting factor
for the cycle life.>” For example, Si—H termination for the Si-
NW-AE sample and Si—O for the Si-NW-TS sample would
form different SEI compositions that could impact their cycle
lives. The Si—OH and Si—H groups most likely would form a
conductive SEI composition during the first-cycle electro-
chemical reduction with an electrolyte (mostly EC) compared
to that of phenylsilane and SiC surface groups. Furthermore,
Si—F species on the surface of the Si-NW-AE sample may be
helpful in forming a more stable SEI layer. The presence of
fluorine can shorten the length of oligomer chains 4present in
the SEI layer, leading to a compact passivation film,*” which is
beneficial for the cycling life. On the basis of surface analysis,
we have provided a mechanistic understanding of various
chemical groups that form the shell of such NWs that could
either enhance their electrochemical performance or be
detrimental. More in-depth studies are required to gain
additional insights regarding the role of surface functionality
in SEI formation, composition, and stability for Si-NWs. This is
quite challenging in the case of Si because of its enormous
changes in volume during repeated electrochemical cycling that
tend to re-form the SEI during each cycle. Nevertheless, our
study probes the missing link between surface properties of
different types of Si-NWs and their electrochemical perform-
ance that will eventually help to fabricate or tailor silicon
surfaces at a molecular level for robust electrochemical activity.
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XPS mapping of the four Si-NW samples and comparison of
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